The gene responsible for the methylglyoxal resistance of Saccharomyces cerevisiae was cloned, and its phenotypic characteristics were investigated. S. cerevisiae cells with the gene could accumulate large amounts of glutathione in the medium and showed remarkably high resistance to various toxic compounds such as methylglyoxal, tetramethylthiuram disulfide, iodoacetamide, and heavy-metal ions. The gene was also expressed in Escherichia coli cells, and the resistance of E. coli cells to toxic compounds also increased as observed for S. cerevisiae cells. Among these reactions, a glyoxalase system consisting of glyoxalase I and glyoxalase II has been thought to be of importance in the degradation of MG, and the activity of the system has been detected in a wide variety of organisms. This system readily transforms MG into D-lactate (4, 24) and MG derivatives into corresponding ox-hydroxy acids in the presence of glutathione. However, the biosynthetic and degradative pathways of MG have not been elucidated in detail.
Methylglyoxal (MG) is a toxic compound and can arrest the growth of Escherichia coli at millimolar concentrations (8) . In E. coli cells, MG is biosynthesized via a bypath of the glycolytic pathway or the aminoacetone cycle. Since the compound is toxic, the synthetic and degradative pathways of MG must be severely controlled to avoid the overaccumulation of MG. In E. coli cells, this is achieved by the strong inhibition of MG synthase, which catalyzes the synthesis of MG from dihydroxyacetone phosphate by phosphates in cells (16) . On the other hand, for the degradation of MG, several enzymatic reactions have been postulated. Among these reactions, a glyoxalase system consisting of glyoxalase I and glyoxalase II has been thought to be of importance in the degradation of MG, and the activity of the system has been detected in a wide variety of organisms. This system readily transforms MG into D-lactate (4, 24) and MG derivatives into corresponding ox-hydroxy acids in the presence of glutathione. However, the biosynthetic and degradative pathways of MG have not been elucidated in detail.
As for the biological functions of MG, Szent-Gyorgyi and his colleagues have suggested the possibility that MG has a role in the regulation of cell division (2, 9, 10, 26, 27) . They studied the action of MG and some of its derivatives on the division of bacteria, cells in tissue culture, fertilized sea urchin eggs, and so on and found in all cases that cell division was inhibited by low concentrations of these chemicals (8) . If ox-ketoaldehydes are really involved in the regulation of cell division, the glyoxalase system could be also involved in the regulation of cell division, and it could release the cells from the inhibitory action of MG and its derivatives. From this standpoint, Dudani et al. (6) recently investigated the relationship between the activity of the glyoxalase system and cell division and showed that the activity of the system was a good indicator of cell growth. The flourishing and unregulated growth of cancer cells may be partly ascribed to the inactivation of o-ketoaldehydes by the glyoxalase system before they reach their target in the machinery of cell division. On the other hand, Gillespie (12, 13) presented the hypothesis that the function of the * Corresponding author.
glyoxalase system is the regulation of the level of Slactoylglutathione, a product of the glyoxalase I reaction, and have provided evidence that an increased level of S-lactoylglutathione is related to the tumor-promoting properties of the compound. The growth-inhibitory effect of cs-ketoaldehydes and the growth-promoting effect of Slactoylglutathione are the reasons why the inhibitors of glyoxalase I have been thought to be promising anticancer agents. Carcinostatic activities of various glyoxal derivatives toward certain tumors and leukemia support this possibility (11, 28) .
Thus, the regulation of synthesis and degradation of MG in mammalian, plant, and microbial cells is of increased interest especially from the standpoint of the regulation of cell division. As shown previously (23) , one of the authors isolated an MG-resistant E. coli strain and described the characteristic properties of the mutant in the metabolism of MG and glutathione. Subsequent to this work, we started a stLidy on the metabolism of sx-ketoaldehydes such as MG in yeast cells and isolated the gene responsible for MG resistance in Saccharotnr'ces ceelriisia(. S. cerevisiae cells carrying the gene for MG resistance acquired higher resistance to various toxic compounds such as MG and heavy-metal ions. The yeast gene was also expressed in E. coli cells, and E. coli cells transformed with the gene also showed higher resistance to toxic compounds as observed for the yeast cells.
Here, we present the phenotypic characteristics of the gene responsible for MG resistance in S. (ere'i.siale and its expression in E. coli cells. We also describe the potential application of the gene to the breeding of wild-type strains of yeasts having no genetic markers.
MATERIALS AND METHODS
Strains. Yeast strains used were S. cerevisiae IFO 3247 (sake yeast, Kyokai no. 7) and IFO 2375, IFO 0555, and IFO 2043 (bakers' yeasts), Saccharomvces carlshergensis IFO 0641 (beer yeast), and S. cereviisiae DKD-5D-H (a leii2-3 l/ei2-112 trpl his3). DKD-5D-H was a gift from Y. Oshima. E. coli C600 (F lisdR lisdM recA thi leia thi lac Y siupE tonA), which was a gift from M. Takanami, was also used.
Isolation of gene responsible for MG resistance of yeasts. (20 ,ug of L-threonine per ml, 10 ,ug of L-leucine per ml, 1.0 ,ug of thiamine per ml) for E. coli C600. The cells were cultured in a test tube (1.5 by 16 cm) containing 3.0 ml of medium with shaking (300 rpm, 2.0-cm stroke) at 30°C, and growth was monitored by measuring the optical density at 610 nm with a Hitachi spectrophotometer (model 100-40). Yeast cells were cultured in 500 ml of SD medium in a 2-liter Sakaguchi flask at 30°C with shaking (120 rpm, 5.0-cm stroke). A 1.0-ml sample of the culture was withdrawn periodically, and the components in the culture were analyzed from clear supernatants after centrifugation at 25,000 x g for 10 min. Agar plates were also used for the growth experiments. For E. coli C600 cells, Davis-Mingioli minimal medium supplemented with nutritional requirements was used (2.0% agar), and the plates were incubated at 37°C. For the yeast strains, SD agar plates were used, and the plates were incubated at 30°C. For the preparations of liquid medium and agar plates, ZnCl2 solid powder was added to the medium after being autoclaved at 120°C for 20 min. Tetramethylthiuram disulfide (TMTD) was dissolved in absolute acetone. N-Ethylmaleimide and 8-hydroxyquinoline were dissolved in absolute ethanol. Small portions of these solutions (TMTD, Nethylmaleimide, and 8-hydroxyguinoline) were added to the medium to final concentrations below 0.5% as organic solvents. CdC12 and other chemicals were dissolved in water, sterilized by filtration (Millipore filter), and then added to the medium after being autoclaved at 120°C for 20 (Fig. 1) . The structure of pYMG14 obtained via E. coli C600 cells was compared with that of the plasmid directly isolated from yeast transformants. Restriction analyses indicated that the two hybrid plasmids were similar. ance of DKD-5D-H(pYMG14) to Cd2+ and Co2+ was about 102-and 50-fold higher, respectively, compared with that of the original strain DKD-SD-H. Resistance to TMTD and iodoacetamide also increased remarkably; approximately 103-and 104-fold increases were found for resistance to TMTD and iodoacetamide respectively. In addition to the above chemicals, increased resistance was also found to Zn2+, Ni2+, Cu2+, phenylglyoxal, N-ethylmaleimide, and 8-hydroxyquinoline. However, the resistance of DKD-5D-H(pYMG14) to Hg2+, p-benzoquinone, Sn2+, or Rb2+ was almost the same as that of DKD-5D-H without pYMG14 (data not shown).
Growth of S. cerevisiae with pYMG14. S. cerevisiae DKD-5D-H with or without pYMG14 was cultured on SD in the presence or absence of 5.5 mM MG (Fig. 3) . In the absence of MG, the growth of DKD-5D-H(pYMG14) (Fig. 3B) was the same as that of the cells without pYMG14 (Fig. 3A) . The cells without pYMG14 could not grow in the presence of MG (data not shown), but DKD-5D-H(pYMG14) cells could grow on medium containing 5.5 mM MG (Fig. 3C) . However, the growth was abruptly arrested in the mid-log phase. The maximal growth of DKD-5D-H(pYMG14) in the medium containing MG was almost one-half that of the culture without MG (Fig. 3B) . The growth arrest occurred in association with the disappearance of MG in the medium.
The amount of glutathione accumulated was almost twofold higher in the DKD-5D-H(pYMG14) culture than in the culture of DKD-5D-H without pYMG14 (Fig. 3) . The activities of y-glutamylcysteine synthetase and glutathione synthetase, both of which are required for glutathione synthesis, were assayed. However, the activities of the two synthetases in DKD-5D-H(pYMG14) were almost the same as those in DKD-5D-H cells without pYMG14 (data not shown).
Enzyme activities. Enzyme activities involved in MG degradation (Fig. 4) were assayed by using cell extracts of S. cerevisiae DKD-SD-H with or without pYMG14 ( Table 1) . MG reductase activity in DKD-SD-H(pYMG14) cells was higher (twofold) than in cells of the original strain DKD-SD-H, and it increased further when the DKD-SD-H(pYMG14) cells were grown in the presence of 5.5 mM MG. On the other hand, the activity of the glyoxalase system (glyoxalase I and glyoxalase II) decreased to about one-third to one-half of that of DKD-SD-H cells without pYMG14. No detectable 2-oxoaldehyde dehydrogenase activity was found in strain DKD-SD-H with YEp13 or pYMG14 whether the cells were grown in the presence or the absence of MG.
Expression of pYMG14 in E. coli. The hybrid plasmid pYMG14 was introduced into Ca2'-treated E. coli C600 cells, and its expression in the cells was tested (Fig. 5) (Fig. 5A ) or 0.3 to 0.6 mM CdCl2 (Fig. 5B) , although the C600 cells could not. The C600(pYMG14) cells were more resistant to TMTD than the C600 cells were (Fig. SC) , although the growth rate of C600(pYMG14) was almost the same as that of C600. Figure 5D The cells were then spread on SD plates containing CdCl2, ZnCl2, or TMTD at the inhibitory concentrations determined above, and the plates were incubated at 30°C for 2 to 3 days. The colonies that appeared on the plates were isolated as pYMG14 transformants. The frequency of transformation was about 2,000/10 ,ug of DNA for all the yeast strains tested. Figure 6 pYMG14 on agarose gel electrophoresis (Fig. 7) . The plasmid isolated from one of the yeast transformants was analyzed with restriction endonucleases. No physical differences were found between standard pYMG14 and the piasmid isolated from the yeast transformant (data not shown). (Fig. 1) . This method seems to be applicable to the isolation of other genes. For example, although Butt et al. (1) cloned the gene for CuCl. resistance (metallothionein) of yeasts by utilizing the Cu2-sensitive mutant, we could isolate the genes for Zn' and Cd-+ resistance of yeasts without using the mutants sensitive to these ions (unpublished data).
DISCUSSION
We first considered the elevated activities of MGdegrading enzymes as the mechanism for the wide-spectrum resistance of yeast cells with the gene isolated as MG resistance (Fig. 2) . In the case of E. coli, MG resistance was acquired through the enhanced activity of the glyoxalase system (23) catalyzing the conversion of MG into lactate in the presence of glutathione (Fig. 4) . Among the enzymes assayed, the activity of MG reductase, which we first detected in S. cerei isiae increased fivefold when DKD-5D-H(pYMG14) cells were grown in the presence of MG ( Table  1) . The enzyme catalyzes the conversion of MG into lactaldehyde in the presence of NADPH (Murata et al., in press ). Contrary to our expectation, however, the activity of the glyoxalase system, especially glyoxalase I activity, considerably decreased after the introduction of pYMG14. 2-Oxoaldehyde dehydrogenase activity was not detected in our yeast strain. These results support a pathway in which MG is converted to lactate (by the glyoxalase system) and lactaldehyde (by MG reductase) as illustrated in Fig. 4 (26) (its antagonist is promine). Retine was partially purified and shown to be a ketoaldehyde with a ketoic group in the (x-position (7) , although the detailed structure and nature of the complex have not been elucidated yet (20) . Recently, the study of cell division has been greatly advanced by the characterization of the properties of CDC (cell division cycle) mutants. A great number of single processes which all have to be stopped or started simultaneously have been shown to be involved in the regulation of cell division. This seems possible if these reactions have some common denominator. Therefore, the assumption of Szent-Gyorgyi et al. is attractive and may become significant through the identification of retine and promine. We are now investigating the degradation product(s) of MG and the complex formed between ox-ketoaldehydes and cellular components to confirm whether the observed growth arrest was due to the specfic inhibition of the machinery of cell division or whether it was merely a secondary consequence of the inhibition of metabolites.
Wide-spectrum phenotypic characteristics of the gene responsible for MG resistance and the expression of the gene in E. coli were of importance, since (i) the expression in E. co/i suggests that a common detoxification mechanism is functioning in eucaryotes (yeasts) and procaryotes (E. coli) as a defense system to cellularly toxic compounds, and (ii) phenotypic characteristics of the gene can be utilized as a marker for breeding wild-type yeast strains having no genetic markers effective in the selection of transformants. Although we have no useful and reasonable results to explain the multiresistance of yeast and E. (oli cells with pYMG14, these phenotypic characteristics have a practical use as markers for the selection of transformants of wildtype yeast strains. In fact, the transformants of wild-type strains of bakers', satke, and beer yeasts were effectively selected by utilizing the phenotypic properties of the gene cloned ( Fig. 5 and 7) . 'The yeast strains utilized industrially are all diploid and have no genetic markers effective in the breeding of these strains. Only the yeast killer factor (14) and an antibiotic, gentamicin (18) , are now available for this purpose, but their utilization is limited because of their narrow spectrum of actions. In contrast, since the gene cloned here has at wider spectrum among various yeasts, it can be generally applied to the breeding of industrially important yeast strains.
